During the ingestion of particles or cells by phagocytosis and of extracellular fluids by macropinocytosis, cells form cup-shaped invaginations of the plasma membrane that subsequently close at their distal margins to form intracellular, membrane-bounded organelles. Phagocytosis and macropinocytosis have significant roles in animal development, innate immunity, the initiation of specific immune responses and entry of pathogens into host cells, so the mechanisms of their regulation have broad implications [1] [2] [3] [4] [5] . Both processes create organelles that are orders of magnitude larger than the molecules used to build them. Professional phagocytic cells, such as macrophages, dendritic cells and neutrophils, ingest particles as small as single macromolecules and as large as filamentous bacteria many times their lengths, all through the organized assembly and movements of nanometre-scale proteins and lipids. Endocytosis of macromolecules and of particles that are smaller than 0.2 µm in diameter occurs through small vesicles, which form by regulated curvature of membranes and self-assembly of ordered protein scaffolds, such as clathrin coats 6 . Distinct molecular mechanisms are enlisted for the phagocytosis of larger particles and for the wholesale gulping of extracellular fluids into macropinosomes, which can be more than 5 µm in diameter. Such large organelles prompt questions of how molecules are organized over micrometre-sized regions of the plasma membrane.
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This review compares phagocytosis and macropinocytosis by describing their molecular components and the arrangements of those components during the complex movements of ingestion, concentrating on the well-studied processes of Fc receptor (FcR)-mediated phagocytosis and growth-factor-stimulated macropinocytosis. It focuses on the common activities of building and closing cup-shaped invaginations of the plasma membrane, movements that are subject to positive-and negative-feedback-control mechanisms at several levels of organization. Recent studies have shown that cell or particle morphology influences signaltransduction mechanisms, indicating that receptor signalling is modulated by the context of its location at the cell surface. This review does not examine intracellular trafficking of phagosomes or macropinosomes or the contributions of phagocytosis to development or immunity. These important related subjects have been reviewed recently elsewhere 1, 4, 7 .
Different ways to enter cells
Although phagocytosis and macropinocytosis both use the actin cytoskeleton to construct a cup and both close the cup by contractile activities, different models have been used to explain phagosome and macropinosome formation. Phagosomes are often shaped by the particles they ingest, whereas macropinosomes can form in the absence of particles. Many kinds of particle are ingested by a process that resembles macropinocytosis, in which a generally stimulated region of the cell surface internalizes fluid and particles together in macropinosome-like phagosomes.
Clathrin
A protein that facilitates endocytosis of receptors in small (>0.1 µm in diameter) vesicles by forming and reorganizing a coat on the cytoplasmic face of a membrane.
Fc receptor
A class of cell-surface receptors that bind to the Fc domain of immunoglobulin molecules such as immunoglobulin G.
Opsonize
The coating of a particle with molecules that renders it capable of being bound and ingested by phagocytic cells. From Greek, meaning 'to prepare a meal ' . with immunoglobulin g (Igg) molecules are engaged by FcRs on phagocyte membranes. Binding to Igg alters the cytoplasmic domains of FcRs such that these domains recruit or activate proteins that signal cellular movements by actin polymerization and the extension of membrane over the opsonized surface 8 (FIG. 1A) .
This advance engages other Igg molecules on the particle surface that initiate similar responses. The phagocytic cup extends over the particle by sequential local responses to the ligand-coated surface, eventually engulfing particles covered with Igg, but leaving hemispherically coated particles only half-eaten 9 . The locally controlled movements of the zipper model indicate that phagosomes are shaped by the surfaces they ingest. Consistent with a model in which phagocytosis is driven by local signals, macrophages and neutrophils engage Igg-coated coverslips in a phagocytic response, spreading out onto the planar surface and creating a tight seal against the particle surface in an apparent attempt to ingest an impossibly large particle 10 .
Imaging of fluorescent actin molecules during phagocytosis shows the coordinated movement of the cytoskeleton in the cup. Actin is concentrated in the advancing cup and persists until closure of the phagosome, when it is lost from the phagosomal membrane. In many phagosomes, actin concentrations decrease at the base of the cup before closure, creating a belt-shaped band of actin that moves outwards over the particle 11, 12 . The actinfilament network and associated contractile proteins create circumferential contractile activities that visibly squeeze deformable particles, such that an Igg-coated erythrocyte that is engaged by two neighbouring macrophages is actively constricted in two by the competing cells 11 . Contractile forces measured during phagocytosis by neutrophils indicate that contractions also flatten the phagocytic cup against the particle surface 13 . Several different classes of myosin have been implicated in FcR phagocytosis, including myosin 1C, II, IX and X [14] [15] [16] . The mechanism of cup closure is unknown, but presumably requires constriction of the distal margin to a small aperture, followed by a scission activity that separates the phagosome from the plasma membrane.
FcR-mediated phagocytosis of large particles requires the addition of membrane from intracellular organelles. This membrane, provided to varying degrees by recycling endosomes, late endosomes, lysosomes, specific granules and endoplasmic reticulum 7, [17] [18] [19] , is inserted into the base of the cup and may facilitate remodelling of the cup membrane 20, 21 . The vesicle-coating protein clathrin can facilitate zipper-like ingestion of small Igg-coated particles and is present on phagosomes. However, it does not contribute significantly to the uptake of larger particles 22 . Clathrin participates in the invasion of epithelial cells by the pathogenic bacterium Listeria monocytogenes, a process that occurs through zipper-like assembly of close-fitting phagosomes 23 .
Macropinocytosis.
Macropinosomes are self-organized structures that vary in size from 0.2 to 10 µm in diameter. Macropinosome morphogenesis is not directly guided by ligand distribution. Instead, macropinosomes form spontaneously or in response to growth-factor-receptor stimulation from cell-surface ruffles that close at their distal margins to engulf extracellular fluid (FIG. 1B) . Ruffles are sheet-like extensions of cell surfaces that, like phagocytic cups, extend by localized assembly of actin filaments beneath the plasma membrane 24 . Ruffles usually recede into the cytoplasm without forming macropinosomes. -mediated phagocytosis, the plasma membrane extends over particles as cup-shaped extensions of the cell surface, through progressive interactions of FcR (green; aa) with particle-bound immunoglobulin G (black; aa). Actin filaments (red; ab) and myosin (yellow; ac) are concentrated in the advancing cup, and membrane (blue; ad) from intracellular compartments is inserted into the base of the forming cup. Arrows indicate the net direction of receptor movement (aa), the net displacement of actin filaments by polymerization, depolymerization and contraction (ab), the contraction of the actinmyosin network (ac) and the net flow of membrane into cups (ad). b | Macropinosomes form from cell-surface ruffles that close first into open cups (ruffle closure) and then into discrete intracellular vesicles (cup closure). Two aspects of macropinosome formation are presented: the x-y projection indicates the 'top-down' view typically seen in the light microscope, and the x-z projection shows a side view of membrane movements. Dotted lines indicate folds in the plasma membrane. Ruffle closure is the formation of a circular, open cup of plasma membrane. Cup closure is the separation of the macropinosome from the plasma membrane. Arrows indicate macropinosome displacement through the cytoplasm. c | Distinct movements of membranes and actin during various types of phagosome formation. Extended, close-fitting cups are typical of the zipper model of FcR-mediated phagocytosis (ca). During complement component C3bi receptor (CR3)-mediated phagocytosis, phagosomes appear to sink into the cytoplasm, although ruffles may accompany the process (cb). In triggered phagocytosis, bacteria are internalized by stimulation of macropinocytosis and recruitment into forming macropinosomes (cc).
A thin, sheet-like protrusion of the plasma membrane that extends from the cell surface through the formation and growth of a branched network of actin filaments. Ruffles either retract into the cytoplasm or close into macropinosomes.
However, ruffles sometimes curve into open, crater-like cups of cell-surface membrane 25 . Ruffle closure is followed by cup closure -the constriction of the distal margin of the cup and the combined membrane fusion and fission that separates the macropinosome from the plasma membrane into the cytoplasm. Although morphology indicates that macropinosome formation is an occasional and incidental consequence of ruffling, distinct signalling mechanisms regulate the two activities 26 . Several kinds of phagocytosis resemble macropinocytosis in their movements. The bacterial pathogens Salmonella typhimurium and Legionella pneumophila enter cells by stimulating cell-surface ruffling and macropinocytosis 27, 28 . Bacteria that are bound to cell surfaces are internalized into spacious phagosomes as bystanders. vaccinia virus and some adenoviruses also enter host cells by stimulating macropinocytosis 5, 29 . This relatively indiscriminate uptake of particles by macropinocytosis-like movements has been called triggered phagocytosis 30 (FIG. 1C) [31] [32] [33] . Signalling molecules that are essential to the phagocytosis of apoptotic cells have been identified through genetic and molecular studies of Caenorhabditis elegans, Drosophila melanogaster and mammalian cells 34 . Engulfment of some apoptotic cells occurs by triggered phagocytosis, in which one kind of receptor tethers apoptotic cells to macrophage surfaces while a distinct receptor-triggered macropinocytic response engulfs the cell 35 . However, phagocytosis of apoptotic cells often occurs through a mechanism that resembles the zipper model, in that phagosomal membranes advance in close apposition to their apoptotic target cells 36 . The ingestion of apoptotic cells therefore exhibits features of both zippering and triggered phagocytosis.
Phagocytosis by receptors for the complement component C3bi (CR3) is morphologically distinct from FcR-mediated phagocytosis. CR3 is comprised of integrin chains α M and β 2 , which, when fully activated, can bind and internalize C3bi-coated particles 37 . The morphology of CR3-mediated phagosome formation varies. In some cells, it resembles the zipper model 38 . In macrophages, the phagosome forms as a depression in the cell surface, with actin organized as discrete patches in the phagocytic cup 39, 40 (FIG. 1C) . However, other studies indicate that C3bi-opsonized particles are internalized in ruffles or loosely adherent phagocytic cups 41 .
Signalling components of ingestion
Although the morphologies of phagosomes and macropinosomes vary, the molecules that regulate the movements of membrane and actin cytoskeleton have several shared features (Box 1). Receptors and the cytoplasmic proteins that bind to them initiate and amplify signal transduction. Essential plasma-membrane lipids are synthesized by enzymes that are recruited to or activated by receptors. Small gTPases activate enzymes that regulate actin polymerization, myosin contractility and membrane fusion.
Receptors. FcRs are a family of transmembrane proteins and associated cytoplasmic proteins that can organize a complete phagocytic response. Signalling is initiated by ligand-induced receptor clustering. Cholesterolrich microdomains that are associated with clustered
Box 1 | Actin dynamics
Phagocytosis and macropinocytosis both require a dynamic actin cytoskeleton. Actin is an intracellular ATP-binding protein that is essential for contractile motility. Its regulated assembly into helical polymers can generate forces that propel organelles or bacteria inside the cytoplasm or that alter the shape of the plasma membrane. Actin polymerization and its regulatory proteins have been implicated in both phagocytosis and macropinocytosis. Polymerization in phagocytosis is regulated by Arp2/3 and by formins [105] [106] [107] . . The actin cytoskeleton is maintained as a gel by crosslinking proteins, and is contracted by myosin molecules (mechanochemical ATPases that translocate along actin filaments, pulling membranes and other actin filaments). Several myosins have been implicated in phagocytosis.
The movements of cell crawling, phagocytosis and macropinocytosis are mediated by a combination of localized actin polymerization and depolymerization, together with the organized gelation, solation and contraction of actin-filament networks. Migratory cells and many epithelial cells contain an actin-rich cytoskeleton just beneath the plasma membrane that continually extends and retracts plasma-membrane structures. Flat sheet-like protrusions are called lamellipodia or peripheral ruffles when extending along a substrate, dorsal ruffles when extending into the medium and phagocytic cups or lamellipodia when extending over a particle. Different cells and different signalling conditions produce different kinds of structures, and some cells display all types of structures.
The enzymes that control the actin cytoskeleton are regulated by small GTPases and the guanine nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs) that control their activities. Some GTPases that affect actin dynamics in phagocytosis and macropinocytosis are indicated (see figure) . 
GRB2 GAB1
GRB2 GAB2

Gelation
The formation of a crosslinked matrix of polymer. In the actin cytoskeleton, actin filaments are bridged by crosslinking proteins into a gel. The regulated dissolution of that matrix (solation) can be coupled with the activation of contractile proteins to effect motility.
Lamellipodium
A sheet-like protrusion of the cell surface that contains a branched network of actin filaments that extends along surfaces during cell motility. Lamellipodia are structurally analogous to ruffles and phagocytic cups.
Microdomain
A small region of membrane, rich in cholesterol or sphingolipids, to which certain classes of lipid-anchored peripheral membrane proteins, such as Src-family kinases, localize preferentially.
FcRs facilitate receptor phosphorylation by Src-family kinases (SFKs) and increased particle binding 42 (FIG. 2a) .
Phosphorylation of tyrosine residues in the receptor creates docking sites for the tyrosine kinase Syk, which in turn facilitates binding of the adaptor proteins gRB2 and gAB2 (ReF. 43) and phosphatidylinositol 3-kinase (PI3K) type I (ReF. 8) . The complex of FcRs and recruited cytoplasmic proteins creates a small cluster of phosphoproteins and modified lipids that either remain as part of the receptor complex or radiate away from the receptor complex by diffusion in the membrane bilayer. Those signals modify the activities of other signalling proteins, ultimately stimulating actin polymerization near the plasma membrane and protrusive extension of the membrane over the particle. Some FcRs inhibit phagocytosis by recruiting protein and lipid phosphatases that counteract the stimulatory kinases 44 .
Macropinocytosis occurs spontaneously in some cells 45 or is stimulated by growth factors, such as epidermal growth factor (EgF) and macrophage colony stimulating factor, in cells that express cognate receptors 46 . Receptor ligation is not required to initiate macropinocytosis, as oncogenic v-Src and K-Ras 47, 48 , phorbol esters 25 and membrane-penetrating peptides 49 can also stimulate macropinocytosis, presumably by activating chemical changes that are otherwise initiated by receptor ligation. The binding of EgF to receptors stimulates receptor autophosphorylation. like FcR and other growth-factor receptors, phosphorylated EgF receptors (EgFRs) recruit kinases and adaptor proteins that assemble as a complex of proteins near the plasma membrane (FIG. 2b) and stimulate both ubiquitylation leading to receptor endocytosis via clathrin-coated vesicles and phosphorylation of membrane lipids and proteins that activate cytoskeletal IgG) ) binding, leading to conformational changes that favour phosphorylation by Src-family kinases (SFKs). Lipid microdomains in the plasma membrane (shown in green) facilitate SFK recruitment to the Fc receptor. SFK phosphorylation increases binding and activity of the tyrosine kinase Syk, which stimulates recruitment of PtdIns 3-kinase (PI3K), phospholipase Cγ1 (PLCγ1) and the adaptor proteins GRB2 and GAB2. GAB2 recruits and activates PI3K in a PtdIns(3,4,5)P 3 -dependent manner (see right panel). GRB2 binds the lipid phosphatase SHIP1, which negatively affects PtdIns(3,4,5)P 3 signalling. PtdIns(3,4,5)P 3 also activates downstream activities including those associated with ARF1 guanine nucleotide exchange factor (GEF), ARF6 GTPase-activating protein (GAP), myosin X and PLCγ1 (resulting in the hydrolysis of PtdIns(4,5)P 2 to inositol-1,4,5-trisphosphate (Ins(1,4,5)P 3 ) and diacylgycerol (DAG)). b | Signalling by epidermal growth factor receptor (EGFR) dimers is activated by ligand-dependent phosphorylation by Src, which also activates RAC1 via phosphorylation of the GEF Vav (right panel). Phosphorylated receptors recruit GRB1, which stimulates activation of the Ras GEF Sos, and recruits GAB1, which activates PI3K. PtdIns(3,4,5)P 3 that is generated by PI3K can activate GAB1, providing a positive-feedback amplification of signals (right panel). PKCε, protein kinase Cε. . EgFR phosphorylation can also be stimulated in the absence of EgF by overexpressing the SFK c-Src 51 . This indicates that receptors can be activated by extracellular ligands as well as by signals that are generated inside the cell.
Membrane phospholipids. lipid modification by receptor signalling creates the potential for radiating signals that can affect large areas of the plasma membrane. Phospholipid kinases, phosphatases and hydrolases are activated during phagocytosis and macropinocytosis, either by direct recruitment to receptor complexes or as downstream consequences of receptor signalling. The predominant phospholipids of the inner leaflet of the plasma membrane are phosphatidylcholine (PtdCho) and phosphatidylserine (PtdSer) and, to a lesser extent, phosphatidylethanolamine (PtdEtn) and phosphatidylinositol (PtdIns) 52 . Phosphorylation and dephosphorylation of hydroxyls in the inositol group of PtdIns generate phosphoinositides with important roles in the regulation of cell movement. In the plasma membrane, control of PtdIns phosphorylation by phospholipid kinases and phosphatases generates phosphatidylinositol-4-phosphate (PtdIns4P), PtdIns5P, PtdIns(4,5)P 2 , PtdIns(3,4)P 2 and PtdIns(3,4,5)P 3 (ReF. 52). These phosphoinositides, especially PtdIns(4,5)P 2 and PtdIns(3,4,5)P 3 , can bind and increase the activity of proteins that modify membrane chemistry and the actin cytoskeleton. For example, PtdIns(4,5)P 2 increases the activity of wASP, a protein that stimulates actin polymerization via Arp2/3 (ReF. 53) , and PtdIns(3,4,5)P 3 recruits myosin X to the membranes of phagocytic cups 14 (FIG. 2b) .
Many essential phosphoinositides have been visualized during phagocytosis and macropinocytosis by fluorescence microscopy of cells expressing chimaeric fluorescent proteins that bind selectively to those phosphoinositides. PtdIns(4,5)P 2 distributions and concentrations in membranes have been inferred using a green fluorescent protein (gFP)-tagged pleckstrin homology (PH) domain from phospholipase Cδ1 (PlCδ1), which binds PtdIns(4,5)P 2 (ReF. 54) . Similarly, gFP-or yellow fluorescent protein (YFP)-tagged PH domains from Akt or the Dictyostelium discoideum protein CRAC have been used to localize PtdIns(3,4,5)P 3 and PtdIns(3,4)P 2 (ReFS 55,56) (FIG. 3A) . Imaging with these and similar probes revealed that local levels of PtdIns(4,5)P 2 increase in membranes of ruffles and cups 54 and that PtdIns(3,4,5)P 3 concentrations increase dramatically in phagocytic and macropinocytic cups 12, [55] [56] [57] . Most forms of phagocytosis and macropinocytosis require PI3K, which generates PtdIns(3,4,5)P 3 and PtdIns(3,4)P 2 from PtdIns(4,5)P 2 and PtdIns4P, respectively. Inhibitors of PI3K arrest phagocytosis and macropinocytosis after the assembly of actin-rich cups 58 . In macrophages treated with the PI3K inhibitors wortmannin or lY294002, phagosomes containing large particles remain stuck at the cup stage and macropinocytic cups that do form recede into the cytoplasm without closing. Thus, the early activities of actin polymerization and cup extension do not require PI3K, but later activities do, including contraction of the cup's distal margin and fusion of membrane vesicles with cup membranes 58, 59 . In some cells, early ruffling responses to growth factors are also PI3K dependent 60 . Phospholipases contribute significantly to phagocytosis and macropinocytosis. Phospholipase Cγ (PlCγ) hydrolyses PtdIns(4,5)P 2 to inositol-1,4,5-trisphosphate Early signals include increased concentrations of PtdIns(4,5)P 2 and activated CDC42 and ARF6, which localize to advancing edges of cups. RAC1 is activated early and persists until just after cup closure. Late stages of signalling include activation of RAC2 and ARF1, the generation of diacylglycerol (DAG) and the recruitment of protein kinase Cε (PKCε), which are delayed relative to the advance of the cup over the particle. PtdIns 3-kinase (PI3K) localizes to forming phagosomes, and its products PtdIns(3,4,5)P 3 
Pleckstrin-homology domain
A structural domain that is common in many signalling proteins and that can bind specific phosphoinositol sugars, including those that comprise membrane phosphoinositides.
Ras superfamily
A large group of small proteins that share structural features and the capabilities of regulated binding to GTP, GDP, membranes, proteins that regulate the species of bound nucleotide and various additional effector proteins.
(Ins(1,4,5)P 3 ) and diacylgycerol (DAg). Ins(1,4,5)P 3 stimulates release of calcium from the endoplasmic reticulum. Calcium signalling is essential to some, but not all, kinds of phagocytosis 61 . DAg remains associated with the membrane of the phagocytic cup 54 , where it recruits and activates protein kinase Cα (PKCα) or PKCε 62 . PlCγ activity is required for v-Src-induced macropinocytosis and is activated downstream of PI3K 48 . FcR-mediated phagocytosis requires PlCγ1 (ReF. 62) . other phospholipases required for phagocytosis include phospholipase D1 (PlD1) and PlD2, which generate phosphatidic acid from PtdCho 63, 64 , and phospholipase A 2 , which generates arachidonic acid from PtdCho and PtdEtn 65 . Thus, the lipids that are generated by receptor complexes can regulate the activities of proteins that are not part of the complex. This suggests that there are two levels of spatial organization (FIG. 2) : short range and medium range. Short-range organization is comprised of the receptors, the proteins that bind them and the cholesterol-rich domains of the proximal membrane. Medium-range organization consists of the proteins or lipids that are activated at some distance from the receptor by molecules that diffuse from the receptor complex. These may include proteins of other receptor complexes that are activated by these diffusing signals. long-range organization would be that related to cell polarity or the regulation of cell dimensions.
Small GTPases. The organized movements of membranes and the actin cytoskeleton are coordinated during phagocytosis and macropinocytosis by small gTPases of the Ras superfamily. These gTPases associate with membranes by regulated exposure of covalently associated acyl chains and by non-covalent interactions with phospholipids or membrane proteins 66, 67 . The gTPbound forms of these proteins bind and activate various effector enzymes, which modify lipids or proteins that regulate membrane trafficking, actin polymerization, myosin contractility and other activities. gTPase activities are stimulated by guanine nucleotide exchange factors (gEFs), which facilitate binding of gTP, and are inhibited by gTPase-activating proteins (gAPs), which stimulate gTP hydrolysis, and by guanine nucleotide dissociation inhibitors (gDIs), which sequester gDP-bound proteins from membranes (Box 1).
The gTPases control different cellular activities according to the various profiles of effector molecules they activate. RAC1 stimulates actin polymerization, principally through activation of wAvE 68 , but also by activating PtdIns4P 5-kinase (PI5K) and PAK1 (ReFS 69, 70) . wAvE stimulates actin polymerization by activating Arp2/3 (ReF. 71 ). PI5K synthesizes PtdIns(4,5)P 2 , which activates a number of actin-regulatory proteins 72 . PAK1 phosphorylates lIM kinase, which in turn phosphorylates and inactivates the actin-filament-binding protein cofilin, with the net result of increasing actin-filament turnover 70 . PAK1 also phosphorylates C-terminal binding protein-1 (CTBP1; also known as BARS), a protein that is localized to macropinocytic cups and that mediates macropinosome closure 73 . RhoA stimulates myosin contractility through activation of Rho kinase 74 and actin polymerization through activation of the actinpolymerizing protein formin 75 . CDC42 binds and activates wASP, which stimulates actin polymerization through activation of the Arp2/3 complex 53, 76 . ARF6 stimulates the activation of PI5K and PlD2, with effects on membrane curvature and membrane fusion 77 . other gTPases regulate the activation of integrins (RAP1) or other gTPases (Rhog) 34, 78 . various molecular and genetic methods have implicated these proteins, especially RAC1, in ruffling, phagocytosis and macropinocytosis. For many gTPases for which participation has been established, the mechanistic details of their contributions remain unclear. Several gTPases, including RAC1 (ReF. 79 86 . Thus, although a limited number of small gTPases have been implicated in the various forms of particle and fluid engulfment, their precise contributions to the component activities of ingestion are not understood.
A few of the gEFs that are essential for activation of these gTPases in phagocytosis and macropinocytosis have been identified, although most remain unknown. The gEFs are activated by phosphorylation, binding to other proteins, to phosphoinositides or to phosphatidic acid. Two isoforms of the gEF vav activate RAC1 during CR3-mediated phagocytosis 41 , and sometimes also during FcR-mediated phagocytosis 87 . During phagocytosis of apoptotic cells, the gEF TRIo activates Rhog, which binds to the protein ElMo, activating the RAC1 gEF DoCK180 (ReF. 88) . A similar activation of Rac has been demonstrated for FcR-mediated phagocytosis, involving the adaptor protein CrkII, ElMo and DoCK180 (ReF. 89) . SH3-containing gEF (SgEF) activates Rhog in macropinocytosis by epithelial cells 84 . no gAPs or gDIs have been directly implicated in phagocytosis or macropinocytosis.
Spatio-temporal organization of signals
Although many of the essential ingredients have been identified, it is not yet clear how receptor complexes, gTPases and phospholipid chemistries are organized into the distinct activities of cup extension, contraction and membrane fusion. Imaging of molecular dynamics in living cells indicates that phagocytic and macropinocytic cups exhibit distinct patterns of signalling at various stages of their formation, and that phospholipids generated in the confines of a forming cup integrate and amplify signalling in that region of the membrane.
Distinct features of cup membranes.
The open cups of phagosomes and macropinosomes exhibit profiles of phospholipids, gTPases and enzyme activities that differ from those of the contiguous plasma membrane. Most striking are the depletion of PtdIns(4,5)P 2 from cup membranes and the increases in PdIns(3,4,5)P 3 and DAg 54, 57 , the concentrations of which on cup membranes remain high until after cup closure 56 (FIG. 3B,C) .
lipid mobility, as measured by fluorescence recovery after photobleaching (FRAP), decreases in phagocytic cups during FcR phagocytosis 90 . This decreased mobility is independent of cholesterol in the membrane and the actin cytoskeleton, but dependent on signalling by SFKs. FcRs are depleted from the forming cups, possibly by the insertion of new membrane from intracellular organelles. In D. discoideum, unclosed phagocytic and macropinocytic cups are enriched in PtdIns(3,4,5)P 3 and exclude some plasma-membrane proteins 55 (FIG. 3A) . Similar high concentrations of PtdIns(3,4,5)P 3 or PtdIns(3,4)P 2 were observed on cups during phagocytosis of CR3-opsonized zymosan, with sharp concentration gradients at the edges of the cups 38 . During macropinosome formation in epithelial cells, concentrations of PtdIns(3,4,5)P 3 increase on cup membranes shortly after ruffle closure 56 , suggesting that ruffle closure either allows local inactivation of lipid phosphatases or creates a restricted membrane domain in which phospholipids of the membrane lining the open cup cannot diffuse freely into plasma membrane just outside the cup.
During FcR-mediated phagocytosis of large particles, the profile of activated gTPases and lipids varies along the length of the cup (FIG. 3B,C) . The advancing edge contains increased concentrations of PtdIns(4,5)P 2 , relative to the nearby plasma membrane, and high concentrations of PtdIns(3,4,5)P 3 and PtdIns(3,4)P 2 (ReFS 54,57). PI3K localizes to forming cups as well 57, 91 . Fluorescence resonance energy transfer (FRET)-based microscopy studies have shown that the gTPases RAC1, CDC42 and ARF6 are active at the leading edge, where they most likely regulate the advance of the cup over the particle by local stimulation of actin polymerization 12 . At the base of the cup, PtdIns(4,5)P 2 concentrations decrease, DAg levels increase, CDC42 and ARF6 are inactive and RAC1, RAC2 and ARF1 show increased activity. RAC1 activity shows pronounced increases during phagocytic cup closure and immediately following ruffle closure (Supplementary information S1 (movie)).
Distinct patterns of signalling in macropinocytic cups
have not yet been delineated as they have for phagocytic cups, although they may be during future quantitative microscopy studies.
The patterns of signalling during phagocytosis and macropinocytosis indicate that a diffusion barrier exists at cup rims and restricts medium-range signalling to a limited region of the plasma membrane. Receptorgenerated phospholipids or peripheral proteins are confined to the domain of membrane that is delimited by the barrier, thereby facilitating signal amplification. The nature of this barrier is unknown. It may be created by the high negative curvature of the inner leaflet at the cup margin, or by the presence of as-yet-unidentified proteins or enzymes that restrict mobility across the cup rim.
Stages in cup construction. Imaging of cell movements during macropinosome formation indicates two kinds of behaviour, one related to the extension of membranes as ruffles and another to the execution of cup formation and closure. Because phosphorylation and dephosphorylation of phosphoinositides are readily reversible reactions, they provide suitable chemistries for regulating reversible behaviours such as ruffle extension and retraction. For example, the generation of PtdIns(4,5)P 2 by PI5K stimulates actin polymerization, which is necessary for ruffling and pseudopod extension. PtdIns(4,5)P 2 serves as a substrate for PI3K, and the PtdIns(3,4,5)P 3 that is generated by PI3K is subject to dephosphorylation by the phosphatidylinositol 3-phosphatase PTEn or by the phosphatidylinositol 5-phosphatase SHIP1 (ReF. 52) . PtdIns(3,4,5)P 3 visualized by fluorescent PH domains shows elevated, but fluctuating, concentrations in ruffles, probably because of the competing activities of lipid kinases and phosphatases and diffusion of their substrates and products away from their sites of synthesis in the membrane 92 . By contrast, PtdIns(3,4,5)P 3 levels increase abruptly in membranes of phagocytic and macropinocytic cups 38, 56 , indicating feedback activation of PI3K or feedback inhibition of PTEn or SHIP1. In these restricted domains of the membrane, PtdIns(3,4,5)P 3 can reach sufficiently high concentrations to activate gEFs, gAPs or other enzymes that are essential to phagosome formation or the contractile activities of cup closure (FIG. 4A) . For example, hydrolysis of PtdIns(4,5)P 2 to DAg by PlCγ alters the net surface charge of the cytoplasmic leaflet of cup membranes such that the peripheral proteins RAC1 and K-Ras disengage 93 . Activation of PlCγ1 for macropinocytosis requires prior activation of PI3K 48 , in part because PlCγ1 contains a PtdIns(3,4,5)P 3 -specific PH domain that facilitates enzyme activation 94 (FIG. 2) . Activation of PlCγ1, which is necessary for recruitment of PKCε 62 , may require concentrations of PtdIns(3,4,5)P 3 that are only attained in the confined space of the cup due to limited diffusion of PtdIns(3,4,5)P 3 across the cup rim (FIG. 4A) . In this way, the profile of phosphoinositides could define thresholds for commitment to later stages of phagocytosis or macropinocytosis.
The final stages of phagosome and macropinosome formation require closure of the cups into discrete intracellular organelles. This is mediated by a PI3K-dependent contractile activity 11 and, for macropinocytosis, by PAK1-dependent phosphorylation of CTBP1/BARS 73 .
Signal transitions and thresholds for signalling. The interdependence of membrane-lipid chemistry and the activities of small gTPases provide a basis for signal organization. Changes in the phospholipid profile of membranes in ruffles and cups effect coordinated changes in the profile of gTPase activities 95 . This indicates that the signalling state in the cup, or in subdomains of the cup, is determined by the predominant phospholipids. Receptor Ligand
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The coordinated pattern of gTPases signalling along the length of the cup (FIG. 3C) is partly organized by the phospholipid transitions in the cup. The depletion of PtdIns(4,5)P 2 contributes to the loss of actin from the cup membrane 96 . when inhibition of PI3K arrests phagocytosis, the stable unclosed cups contain persistently active ARF6 and inactive ARF1 (ReF. 95) . This suspended transition from active ARF6 to active ARF1 in the absence of PI3K activity indicates that the PtdIns(3,4,5)P 3 that is normally generated in cups regulates that transition, possibly by activating gAPs for the gTPases of the advancing edge or gEFs for the gTPases that are active during closure (FIG. 2a) .
In macropinocytosis, receptors trigger the ruffling activity, but the signals for macropinosome formation are organized independently. In epithelial cells, PtdIns(3,4,5)P 3 levels and RAC1 signals increase transiently early during macropinosome formation and at various times after the addition of EgF 56, 97 . This indicates that signal amplification is unrelated to the timing of receptor ligation and depends instead on some morphological transition, perhaps the assembly of a completely closed cup (that is, ruffle closure ; FIG. 1B) .
Barriers to diffusion at the distal margin of the cup could allow PtdIns(3,4,5)P 3 that is generated by receptor complexes in the cup to reach suprathreshold levels for late stages of signalling. Hence, in ruffling regions of membrane, PtdIns(3,4,5)P 3 levels will increase, but will remain subthreshold because of unrestricted diffusion in the plasma membrane bilayer and because of lipid phosphatase activities. PtdIns(3,4,5)P 3 concentrations will increase greatly when the barriers to diffusion at distal margins of ruffles close into complete circles at ruffle closure.
Feedback regulation at different levels
The protein and lipid activities that organize the formation of phagosomes and macropinosomes are regulated by positive-and negative-feedback mechanisms. Positive feedback amplifies receptor signalling or receptor-independent signals that follow cup assembly. negative signals associated with inhibitory receptors, including the phosphatases SHP1 and SHIP1, are thought to prevent phagocytosis altogether 44 . Inhibitory signals, however, may also be needed to shape the phagosome. (FIG. 2a) . The EgFR shows a similar feedback amplification via gAB1, PI3K and PtdIns(3,4,5)P 3 (ReF. 98) (FIG. 2b) . Fluorescently tagged SHIP1 associates with early phagocytic cups and the advancing edges of cups, but not with the base of the cup, indicating that SHIP1 dissociates from FcR before PI3K does, potentially providing a transient suppression of PtdIns(3,4,5)P 3 signalling in the cup 91 . Receptor signalling may have a default route to clathrin-mediated endocytosis and a regulated route that requires feedback amplification. FcR-mediated uptake of smaller particles and of soluble immune complexes is less dependent than phagocytosis of particles on signalling by Syk, PI3K and SFK 99 . An alternative pathway of c-Cbl-mediated ubiquitylation of FcR may stimulate receptor entry via clathrin-coated vesicles 100 (FIG. 4B) or post-phagocytic sequestration of FcR into multivesicular bodies 101 . This indicates contextdependent states for the component molecules of the FcR complex.
Medium-range organization: cup domains. Signals that organize phagosome and macropinosome formation are integrated over large regions of the plasma membrane. As indicated above, the amplification of PtdIns(3,4,5)P 3 and RAC1 signalling is commonly restricted to cups, which indicates the existence of isolated regions in the plasma membrane. These cup domains are enclosed subregions of plasma membrane in which mediumrange signals can reach suprathreshold concentrations that are necessary for transitions to later stages of signalling.
Physical properties of particles can also modulate FcR signalling during phagocytosis. Igg-coated polyacrylamide particles that have been stiffened by crosslinking are readily ingested by macrophages, whereas softer particles, containing fewer crosslinkers, are not, suggesting that FcR signalling is integrated in the phagosome and is positively affected by mechanical resistance 102 . In addition, a recent study showed that particle shape affects FcR-mediated phagocytosis 103 . A macrophage will readily ingest a rod-shaped particle that has been coated uniformly with Igg if its highly curved tip contacts the macrophage surface, but not if its flat face contacts the cell. This indicates that some part of FcR signal transduction is inhibited by the flat surface of the particle. The physical or molecular basis of this shape sensing is not known, but the phenomenon indicates integration of FcR signalling over large regions of the cell surface.
Finally, the signals that are required for phagocytosis differ for small and large particles. PI3K-dependent mechanisms that regulate contractile proteins and membrane fusion are necessary for the phagocytosis of particles that are larger than 3 µm in diameter, but not for the phagocytosis of smaller particles 59 . The differential requirement for signalling elements during phagocytosis of large and small particles indicates that signalling within forming phagosomes is spatially integrated.
Concluding remarks
The zipper model for phagocytosis was based on the observations that particle uptake was restricted to opsonized particles -unopsonized neighbouring particles bound to the same cell were not ingested 104 -and that particles that were only half-covered with Igg became stuck in half-finished phagocytic cups 9 . These observations provide strong evidence for a locally controlled, receptor-guided mechanism of phagocytic cup assembly around particles. newer findings demonstrate that additional positive signals are required for phagocytosis, including mechanical resistance from the particle itself and some uniform curvature of its surface. Imaging studies support the concept that successful phagosome formation requires organization of a cupshaped domain of plasma membrane that is sufficiently isolated from the contiguous plasma membrane to allow qualitative changes in signal transduction. That is, complete receptor signalling requires positive feedback from the cup or local plasma-membrane structure that allows signalling to exceed some threshold. Activated receptors in membranes that do not exceed these signalling thresholds (that is, those outside of cups) may be removed by clathrin-mediated endocytosis (FIG. 4B) .
Despite the absence of a particle surface to guide morphogenesis, the signalling mechanisms and apparatus for macropinosome construction are similar to those for phagosome construction. Short-range signals for macropinocytosis are similar to those for phagocytosis; the activated receptors recruit a similar combination of proteins and generate similar signal intermediates. Early stages of receptor signalling increase ruffling at the cell surface, which is analogous to the extension of the actin-rich phagocytic cup. late stages of signalling follow ruffle closure, which indicates that the assembly of a cup creates an isolated domain of plasma membrane that supports positive-feedback amplification leading to cup closure. Receptors caught in cup domains may contribute to that feedback amplification by anchoring proteins that participate in that amplification (FIG. 2) . In triggered phagocytosis, particle capture in forming macropinosomes may be favoured by some level of receptor-dependent positive feedback to cup-domain organization.
The mechanisms by which physical features of particles or cups feed back to signal-transduction pathways remain to be determined. we do not yet know what regulates local signal amplification in cups or the nature of the cup boundary that isolates cup domains. Molecular cell biology and quantitative microscopy should help the field move forward.
